In the Central Desert of northern Baja California, blue fan palm populations (Brahea armata) are found as isolated oases on mountaintops and along canyons with ephemeral flow conditions. Here, the effect of the interaction between the larva of an endemic moth, Litoprosopus bajaensis, and this endemic blue fan palm was documented for the first time. We registered the phenology of palms by counting the number of shoots with flowers or fruits, assessing their damage and calculating the reproductive success per individual palm within three populations: San Pedro Martir, Cataviña, and La Libertad. Palm populations were severely impacted by this larva, causing high damage to the inflorescences. No differences were found in the number of inflorescence stems produced and damaged among study sites; but the reproductive success of palms was significantly higher in Cataviña than in the other sites during the entire sampling period, and consequently an important proportion of stems escaped from the herbivore predation. We suggest that differences among sites may be explained by the fact that Cataviña is the only alluvial canyon and can be considered an area of high nutrient uptake, resource availability, and rooting depths. In contrast the other two are bedrock canyons, where water runs intensely, sweeping away great portions of the nearby vegetation. Cataviña received the highest precipitation during the winter season of 2010 allowing a continuous production of inflorescence stems and fruits. This preliminary study reveals a new endemic interaction, it occurrence at population and regional levels, and highlights the role of desert oases as resource patches and connectivity pathways for mobile insects. Finally, it also highlights the effects of different water flow dynamics and water pulses in providing an opportunity window of escape from predation for host plant species living in desert environments.
Introduction
A fundamental goal in the study of herbivore-plant interactions is to understand how and under what circumstances insect herbivory affects the fitness and dynamics of plant populations. Insect herbivores can strongly influence phenology, physiology and morphology of individual host plants and reduce growth, flower and seed production sometimes having large-scale effects on natural plant communities [1] [2] [3] [4] [5] . On the other hand, the distributions of insect species can be influenced by individual traits such as dispersal ability, sexual attraction, or aggregation [6, 7] , by habitat factors such as resource density and heterogeneity [8] , and by temporal climatic variations [9] , such as peaks or pulses of water. Thus, habitat fragmentation or how resources are distributed in space and time has important effects on insect population dynamics [10] . When habitat is fragmented the dispersal behavior of insects explains much of the variation of population densities throughout the resource patches [11] . Thus, the link between ecological processes and spatial patterns is of the outmost importance in the conservation of endangered species as well as in pests and invasions control by relating the spatial distribution of both, insect populations and resources to damage [12] [13] [14] .
Since the influences of top-down (predation, including herbivory) and bottom-up (resource availability) forces may change systematically along environmental gradients of productivity [15] [16] [17] [18] [19] [20] , comparisons among different populations and areas may help to explore connections between herbivory and environmental conditions as well as to help to detect variations related to environmental change. In ecosystems such as deserts, vertebrate herbivores apparently influence the growth rates [21] , morphology [22] , recruitment [23] , and community dynamics [24, 25] of plants. Although a wide range of spa-tial patterns and life-history traits are described in insect populations [26] and occasional large effects of insect herbivores particularly on palms are documented, evidence of the direct effects of invertebrate herbivory on desert or semi-arid plants is limited, particularly the longlived dominant species [14, [27] [28] [29] .
In the northern desert of the Baja California peninsula, remnant vegetation patches from an ancient paratropical forest have remained as isolated oases on mountaintops and along canyons where wetter conditions are preserved [30] [31] [32] . Dominated by the endemic blue fan palm (Brahea armata, Arecaceae), these oases seem to keep a certain degree of connectedness, although their effectiveness as corridors for the fauna and flora remains unknown. Surrounded by a desert matrix and withstanding extreme climatic conditions and erratic water availability, blue fan palm populations are located at the northwestern boundaries of the distribution of the palm family in America [31, 33] . Species living at the boundaries of their distributions have recently raised special attention for the preservation of biodiversity, since they provide an opportunity for studying limits to plant and/or animal survival and therefore should be considered particularly relevant in the study of species responses to fluctuating environments.
Here, we report preliminary information on a new endemic invertebrate herbivore-palm interaction occurring in oases of the Central Desert Region of Baja California, Mexico. The larva of a moth species that coincides with an endemic Lepidoptera discovered by Brown and Faulkner in 1997 impacted the inflorescences of the endemic blue fan palm populations. This moth species was known only from the northern portion of the Vizcaino Desert in Baja California, Mexico. Brown and Faulkner described six adults of Litoprosopus bajaensis (Noctuidae), which is geographically isolated and morphologically distinct from its congeners. Nothing is known about its natural history; however, based on the life history information of L. coachella Hill, the closest species geographically (restricted to southern California), it has been suggested that the larva of this moth feeds on the flowers, buds, and possibly fruits of fan palms in the genus Washingtonia (Arecaceae), W. filifera (Linden) Wendl. and W. robusta Wendl. [34, 35] .
Methodology

Study Site
The blue fan palm, the dominant tree species in the three study sites is endemic to the northern part of the Baja California peninsula and the neighboring Angel de La Guarda Island [36] . Blue fan palm populations range from the Sierra Juarez (30 km south of the US-Mexico border) to the Sierra La Libertad (above 28˚N). According to Shreve (1951) [37] , blue fan palms are phytogeographically found in two different subdivisions of the Sonoran Desert: the Lower Colorado Valley, and the Vizcaíno region also known as the Central Desert of Baja California [33] . We selected three blue fan palm populations along their distribution (San Pedro Martir, 30˚32. large granite blocks that drop off sharply towards the eastern desert floor, with streams that are fed by water collected in the higher elevations during the winter months. We established four plots of approximately 1 ha (200 × 50 m) in all sites. On each site, plots were located >30 m and <3 km apart.
The southern part of La Libertad has more tropical influence from summer rains, Cataviña is an intermediate point, and San Pedro Martir is influenced by winter rains. Two periods of rain normally occur in Cataviña, one in winter (November-April) and the other in late summer (August-October). Usually the driest period is from late spring through summer (May-September). Cataviña normally receives around 110 -150 mm of annual rainfall [38] , while in La Libertad, winter precipitation is less abundant and summer tropical storms can bring considerable precipitation to the mountains.
Although palm data analyzed in this study correspond to the fall and winter seasons of 2009 and 2010, we experienced the influence of several water pulses of diverse intensities since June 2006. Data on precipitation were obtained from the National Water Commission of Mexico, from the closest meteorological stations to our study plots. We used data of the meteorological stations at San . The station of San Felipe is on the sea of Cortés and about 65 km in a straight line from our study sites in arroyo El Berrendo, Sierra de San Pedro Mártir; the station of San Agustin is about 35.5 km and the one of San Luis at 3.5 km from our study site at arroyo Santa Inez, Cataviña; and the station of Villa Jesús María is 33.5 km from our study sites in arroyo El Toro, Sierra de La Libertad. These stations were selected because they represent the most reliable and continuous database that exist for the period needed in this study. However, they might be underestimating the real precipitation values inside the canyons. Weather forecasting in Baja California has been hindered by a lack of reliable records; therefore, accurate rainfall statistics for multiyear periods are sometimes not possible, such as the case of the San Felipe station.
Study Species
Knowledge of Noctuidae moths (Insecta: Lepidoptera) [39] , and particularly the lepidopterous fauna of the peninsula of Baja California has increased over the last years [40] . However, numerous endemic taxa and their natural histories and interactions with the regional flora have not been described. Thorough taxonomic treatments and/or inventories have been compiled by Brown (2004) [40] for 11 families of Lepidoptera from Baja California which represent 10% of the Lepidoptera fauna. According to this author, some patterns have been identified: 1) endemism seems to range from moderate to low and it is expressed solely at lower taxonomic levels; and 2) species richness in most groups is highest at the northernmost and southernmost extremes of the peninsula and lowest in the middle. Eight species are included in the genus Litoprosopus [34, 41] 
hatuey (Poey), and L. punticosta. These species are distributed from southern United States through Central America with few records from northern South America [34] . These authors mention that L. bajaensis can be superficially distinguished from all other species of Litoprosopus by its nearly uniform pale fawn-gray forewing color, while most species in the same genus have varying shades of brown on the forewing. Geographically close, L. coachella is restricted to southern California, while L. bajaensis is distributed south to the El Vizcaíno Desert of Baja California, Mexico [34] .
Palms inhabit the lower parts of canyons which conserve subsurface flow and up on mesas; they are also associated to granite rock substrate of the northern mountain ranges of the peninsula [31] [32] [33] , and they seem to be tolerant to moderately salty soils (Wehncke, pers. obs.). They belong to the Corypheae, one of the less specialized tribes within the subfamily Coryphoideae, with more primitive leaf forms, flowers, and pollen [42, 43] . Maximum height for B. armata was measured up to 23 m, in La Libertad (Wehncke, pers. obs.) . This slow-growing palm species can be reproductive when reaching ca. 2-m height. Flowers are arranged in clusters of many small whitish bisexual blossoms that appear in multiple branching inflorescences up to 5-m length [43, 44] . The oneseeded rounded fruits are of medium size (2.0 -2.5 cm), with relatively little mesocarp and are brownish black when mature [44, 45] .
Natural History Observations and Data Collection
We collected phenological data during four sampling visits (in July and November, 2009 and in May and September, 2010) in Cataviña and La Libertad. Data from San Pedro Martir was collected during three sampling visits: July, 2009 and June and November, 2010. Time of visits was programmed to coincide with the flowering period of the blue fan palms. First, we registered the number of adult palms with signs of damage. Then, in order to have more precise quantitative measurements of the impact of the larva to the palm populations and to determine how it affects their reproductive effort, we counted the number of inflorescence stems with flowers and fruits that were damaged, per individual palm. We then estimated the reproductive effort of each palm for all populations as the total number of stems with fruits observed out of the total number of stems produced by each individual palm. The relative number of stems produced and damaged were recorded in different categories and compared among sites, as well as the relative frequencies of the reproductive success.
Results
In June 2006, we observed for the first time blue fan palms producing high quantities of a sugary fluid from the inflorescence stems of the San Pedro Martir populations that dropped down to the ground. In April 2008 we evidenced the same process in La Libertad, the southern distribution range of blue fan palm populations Figure  2 (a). We observed that these fluids attracted a significant number of insects (bees, wasps, beetles, flies) around the buds and inflorescences, which sucked this sugary substance Figure 2(b) . Not only insects, but also cattle took advantage of this sugary fluid from the lowest stems. After two months after bud emergence, the scenario was of severe damage to the inflorescence stems of most individual palms in these populations Figure 2(c) , which worsened after the heavy rains of El Niño event in July 2007.
We collected inflorescence stems in order to find the source of the damage, and observed that a small larva of a moth was living inside the stems, preventing any possibility of flower development Figure 3(a) . Although Brown and Faulkner described in 1997 six adults of Lepidoptera collected in the Cataviña area, and named it Litoprosopus bajaensis an endemic species of the Central Desert Region, no information existed about the natural history of this species. Researchers at the San Diego Natural History Museum confirmed that the larva corresponds to the larvae of L. bajaensis Figure 3(b) . Copyright © 2013 SciRes.
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At the peak of the flowering season of the blue fan palm, damage caused by the larva to the inflorescences was very high in the three studied sites (89%, 62% and 95% of individual palms presented inflorescence damage in San Pedro Martir, Cataviña and La Libertad, respectively). As the number of palms showing stem damage increased, the number of palms with fruits decreased drastically throughout the sampling period in La Libertad, but not in Cataviña, where the proportion of palms with fruits remained more or less constant during the entire sampling period Figure 4 . Palms in San Pedro Martir showed an even distribution of fruit production, but the number of palms with fruits represented no more than the 30% of the population Figure 4 .
Even though damage was high, palms did not stop producing inflorescence stems along the sampling period in the studied sites. No differences were found neither in the number of stems produced (χ 2 = 0.83, df = 2, P = 0.66; Figure 5 In November 2009, 54% of stems were damaged in Cataviña and the damage level remained more or less constant up to 59% by the end of September 2010. In La Libertad, 72% of stems produced showed damage at the beginning of censuses, but the number increased to 90% at the end of the sampling period. In San Pedro Martir the percentage of damaged stems was 65% in June 2010, and increased to 86% in November 2010. Once again Cataviña showed a different pattern with respect to the other sites.
When the total palm reproductive success from the three populations was calculated, Cataviña showed a significantly higher value than the populations of La Libertad and San Pedro Martir (χ 2 = 9.21, df = 2, P = 0.01; Figure 5(c) ). Although damage to inflorescences was high in all sites, palms continued to produce fruits during the entire sampling period. In Cataviña, 45% of stems had fruits in November 2009, and this remained more or less constant until the end of censuses in September 2010 (41%). In contrast, in La Libertad we found that 48% of stems had fruits in November 2009, but at the end of the censuses only 9% had fruits. A similar pattern was registered in San Pedro Martir, where only 7.4% of total stems produced fruits in June 2010, and only 4% in November 2010. The pattern of precipitation showed a peak during the winter season (December to March, 2010) (Figure 6 ), being the highest precipitation value (165.9 mm) registered for Cataviña in January 2010. The occurrence of this water pulse might help explain the continuous stem and fruit production in the Cataviña site. 
Discussion
This preliminary study reveals and evaluates the impact of a new blue fan palm-insect herbivory interaction at the population and ecosystem level and shows the role of desert oases as resource patches and corridors for insects.
It also represents the first record of a damage produced by an insect that strongly affects the fitness of the blue fan palm populations. As the spatial distribution of populations is affected by the dispersal abilities of the species, interactions among individuals, and/or habitat selection [14] , our results of palm damage by L. bajaensis larva suggest that host distribution, temporal climatic variations, and the egg-lying process may be the potential factors involved in the spatial pattern of the adults of this species. Apparently, L. bajaensis has a preference of laying eggs in blue fan palm inflorescence stems, and it seems to follow the flowering period of the blue fan palm populations very well in space and time. This study highlights the effects that occasional water pulses have in desert oasis ecosystems by providing an opportunity window of escape from predation for host plant species. Water pulses in deserts trigger short periods of high resource abundance, and they are really the driving force structuring desert ecosystems and influencing interactions. But, because rainfall pulses may vary significantly in frequency and quantity in space and time, this promotes a diversity of responses in life-forms and adaptations.
Based on life history information of L. coachella, the closest geographically distributed congener, Brown and Faulkner (1997) [34] suggested that the larva of L. bajaensis feeds on the flowers, buds, and possibly fruits of fan palms of the genus Washingtonia, an observation that probably derives from the fact that within the range of B. armata two species of Washingtonia occur (W. filifera (Linden) Wendl. and W. robusta Wendl.
[35]). However, although Washingtonia palms were flowering at the same time, we never saw L. bajaensis larva related with them, nor with any other plant species in our study sites.
Compared with the sites of San Pedro Martir (the northernmost distribution of blue fan palms in this study) and La Libertad (the southernmost distribution), Cataviña received the highest precipitation during the winter season of 2010. In addition, Cataviña is the only alluvial canyon among our studied sites and can be considered an area of high degradation process (with coarse and fine sands constituting the 50% -80% from soil samples taken in the area; E. Wehncke, unpublished data) and probably of high nutrient uptake and redistribution. The most extensive survey of desert vegetation root data showed that rooting depths tend to increase with mean annual precipitation, and that rooting depths tend to be greater in sandy as opposed to clayey or loamy soils [46] . By virtue of their greater access to water, deep-rooted plants may remain active longer and thus continue growth and nutrient uptake [47] . When water runs through the canyons, coarse materials are degraded and transported. Water easily filters into the aquifers deep down below as it runs through this sandy canyon. In contrast, La Libertad and San Pedro Martir are bedrock canyons where water runs very intensely when heavy rains occur. Future soil analyses from these sites will allow a better identification of the type of materials transported, their characteristic composition and origin, as well as studies on root system structure across different plant functional groups and habitats, will help make generalizations on an ecosystem basis.
In the Central Desert Region of Baja California where water scarcity is a critical problem, blue fan palm oases represent the boundaries of many endemic populations of plants and animals, therefore increasing the knowledge on how much these oases are still interconnected is relevant for ensuring the conservation of their biodiversity and the maintenance of the ecological services that these ecosystems provide. Further, long-term herbivore-plant interaction studies coupled with meteorological surveys will provide an interesting approach to detect and predict the impacts that environmental changes will have on these desert ecosystems and the last water reservoirs in this region.
